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PREFACE 


This  report  is  a  summary  of  the  results  of  all  studies  con¬ 
ducted  under  Contract  DA  19-129-AMC-582 (N)  between  the  University 
of  Texas  and  the  U . S .  Army  Natick  Laboratories.  In  addition,  a 
list  of  suggestions  is  given  for  guidance  of  designers  of  military 
vehicles  which  must  be  rugged  enough  fcr  airdrop. 

The  report  consists  of  four  sections  as  follows 

1.  High  Velocity  Drops 

2 .  Paper  Honeycomb  Evaluation  Studies 

3.  Analytical  Studies 

4 .  Suggestions  for  Design  Improvement 

Engineering  Mechanics  Research  Laboratory  personnel  who 
have  contributed  significantly  to  this  work  include  W.L.  Guyton, 
David  Wiederanders  and  Garland  Spretz.  Helpful  suggestions  and 
constructive  criticism  have  come  from  Edward  J.  Giebutowski  and 
Harry  Freeman  of  the  U.  S.  Army  Natick  Laboratories. 

To  all  of  these  individuals  for  their  contributions,  and  to 
the  Natick  Laboratories  for  continued  support  of  this  research, 
we  express  our  gratitude. 


E.  A .  Ripperger 
Director 

Engineering  Mechanics  Research  Laboratory 
The  University  of  Texas 
Austin,  Texas 
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ABSTRACT 


Results  of  all  investigations  undertaken  under  Contract 
DA  19-129 - AMC- 582 ( N )  are  summarized.  This  includes  (1)  studies 
of  high  velocity  airdrops  of  M3 7  3/4-ton  truck,  MIDI  3/4-ton 
trailer,  and  M2A1  105mm  Howitzer,  (2)  development  of  a  "drive- 
off'*  cushioning  system  for  the  3/4-ton  truck,  (3)  comparative 
study  of  paper  honeycomb  testing  techniques  in  use  at  the  U.S. 

Army  Natick  Laboratories  and  at  the  University  of  Texas,  (4) 
development  of  a  simple,  quick  honeycomb  tester,  and  (5)  analytical 
studies  of  the  response  of  vehicles  co  ground  impact. 

In  addition,  rules  of  thumb  for  the  guidance  of  designers 
of  vehicles  which  may  be  airdropped  are  listed,  and  suggestions 
for  improvements  in  the  designs  of  specific  vehicles  are  given. 


HIGH  VELOCITY  DROPS 


Twenty-five  feet  per  second  has  been  the  nominal  impact 
velocity  for  design  computations  for  cushioning  systems  for  air¬ 
drop  of  equipment  and  supplies  for  several  years.  There  are 
certain  advantages,  however,  to  be  gained  by  using  a  higher  im¬ 
pact  velocity.  Not  the  least  of  these  is  economy.  It  has  been 
shown  that  an  appreciable  economy  can  be  effected  by  using  more 
paper  honeycomb  to  dissipate  energy  at  impact  and  fewer,  or 
smaller  parachutes  to  retard  the  drop.  The  breakover  point  de¬ 
pends  upon  the  relative  costs  of  cushioning  material  and  parachutes. 
Turnbow  and  Steyer  have  shown  with  cost  data  available  in  1955 
that  the  optimum  impact  velocity  is  between  30  and  100  fps.  Other 
advantages  include  a  reduction  in  dispersion  of  dropped  material, 
increased  accuracy  insofar  as  hitting  the  target  area  is  con¬ 
cerned,  and  reduced  time  in  the  air. 

In  recognition  of  the  advantages  which  may  be  realized, 
studies  were  initiated  under  Contract  DA  19-129-QM1383  and  con¬ 
tinued  under  Contract  DA  19-1 2  9-AMC- 58  2  (N )  to  investigate  the 
practical  problems  of  cushioning  vehicles  against  high  impact 
velocities,  to  discover  what,  if  any,  hidden  problems  may  exist, 
to  determine  maximum  practical  impact  velocities  and  design 
accelerations . 

Primary  objectives  have  been  to 

1.  verify  that  vehicles  can  be  dropped  successfully 
at  impact  velocities  as  high  as  50  fps 

2.  determine  the  design  acceleration  which  should  be 

used 

3.  work  out  essential  details  of  a  prototype  cushioning 

system 

4.  observe  the  damage  susceptibility  of  vehicles  used 
in  the  studies. 

Pour  vehicles  were  included  in  the  program.  One  of  these, 
the  Ml 51  (jeep)  was  investigated  and  reported  upon  during  the 
previous  contract  period.  The  other  three  include  the  M37,3/4- 


*  Turnbow,  J.W.  and  C.C.  Steyer,  Cushioning  for  Air  Crop, 

Part  II,  Air  Prop  Cos i  Analysis ,  Structural  Mechanics  Research 
Laboratory,  The  University  of  Texas,  Austin,  1955. 

**  Watson,  Hal  Jr.,  Ground  Impact  Ghock  Mitigation  Ml 5 1  Utility 
Vehicle  (Joes  i ,  SMRL  RM  12,  Structural  Mechanics  Research  Laboratory, 
The  University  of  Texas,  December  1964. 
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ton  truck,  the  Midi,  3/4-ton  cargo  trailer,  and  the  M2A1,  105mm 
Howitzer . 

Results  of  studies  of  these  vehicles  are  reported  in  detail 


in 


These 


Ground  Impact  Shock  '-litigation 

M 3  7  j  EMRL  TR  1011,  December 

Ground  Impact  Shock  '-litigation 
5/4-Ton,  EMRL  TR  1025,  July 

Ground  J.mpact  Shock  Mitiaation 

EMRL  TR  1020,  July  1967 

results  are  briefly  summarized  as 


Carao  TrucK,  5/4-Ton 

1966  . 

Carao  Trailer  1-110 1, 

1967 


Howitzer  105mm  '■! 2 A  1 , 


follows . 


M37  Truck 

This  vehicle  was  dropped  a  total  of  eight  times  at  impact 
velocities  ranging  from  24  to  54.1  fps.  Design  accelerations 
ranged  from  10.5  to  30g. 

As  a  result  of  these  drops,  it  was  concluded  that 

1.  This  vehicle  can  be  dropped  to  land  at  an  impact 
velocity  of  50  fps  using  essentially  the  same  techniques  used 
for  dropping  at  25  fps. 

2.  A  design  acceleration  of  30g  provides  adequate 
protection  for  the  vehicle  at  the  highest  impact  velocity.  This 
acceleration  should  be  used  even  at  low  velocity  drops  to  reduce 
the  required  stack  heights  to  a  minimum. 

The  vehicle  was  still  operational  after  these  drops,  but  some 
minor  damage  had  been  inflicted.  There  were  indications,  however, 
that  more  serious  difficulties  could  develop;  difficulties  that 
would  make  the  vehicle  inoperational . 

Problems  most  often  occurred  around  the  front  motor  mount 
and  crankshaft  pulley.  Any  permanent  vertical  movement  of  the 
motor  on  its  rubber  shock  mounts  in  excess  of  1/8-in.,  or  any 
permanent  axial  movement  of  the  motor  in  excess  of  3/32-in. 
causes  interference  between  the  crankshaft  pulley  or  the  grease 
shield  on  the  crankshaft  and  the  front  supporting  yoke.  This 
would  not  render  the  vehicle  inoperable,  but  the  noise  it  pro¬ 
duced  would  probably  cause  a  good  deal  of  hesitation  in  the  use 
of  the  vehicle  before  the  damage  could  be  assessed.  More  clearance 
and  stronger  frame  members  around  the  motor  would  take  care  of 
this  problem.  Also,  a  rugged  system  for  limiting  axial  motion  of 
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the  motor  should  be  provided. 

The  bed  of  the  truck  appears  to  be  easily  deformed  by  the 
1500  lb.  dead  load  carried  during  the  drops.  A  loadspreader  or 
pallet  should  be  provided  in  the  bed  of  the  truck  during  actual 
drops  if  the  bed  is  not  made  more  rugged. 

Other  areas  in  which  damage  was  observed  were  the  left  mount 
of  the  gear-reducer  housing  and  the  front  and  rear  drive  shafts. 
Damage  to  the  drive  shafts  was  caused  by  the  loadspreaders  during 
impact  after  rebound.  This  type  of  damage  was  prevented  in  later 
drops  by  modifying  the  loadspreader.  The  supports  for  the  gear 
reducer  housing  need  to  be  made  more  rugged.  The  frame  is  rather 
easily  bent  just  behina  the  cab  if  cushioning  is  not  properly 
distributed . 

One  potentially  serious  difficulty  observed  was  closure  of 
the  contact  points  in  the  voltage  regulator.  This  connected 
the  generator  to  the  battery  and  since  the  generator  was  not 
running,  it  acted  as  a  dead  short  across  the  battery.  The 
heavy  current  drawn  welded  the  contact  points  together  and  only 
quick  action  kept  the  battery  from  being  completely  discharged. 

Suggested  design  procedures  to  eliminate  or  minimize  these 
difficulties  will  be  listed  later. 


M 1 0 1 ,  3/4-ton  Cargo  Trailer 

This  vehicle  was  included  in  the  test  program  because  it  is 
representative  of  a  class  of  non-pewered  vehicles  used  in  large 
numuers  by  the  Army.  The  trailer  was  dropped  five  times  at  impact 
velocities  ranging  from  25  to  55  fps.  Design  accelerations  varied 
f  ron  2  0  to  3 Og  . 

It  was  concluded  that 

1.  the  Ml 01  trailer  can  bo  safely  dropped  at  impact 
velocities  as  high  as  50  fps  using  essentially  the  same  techniques 
employed  for  dropping  at  25  fps. 

2.  a  3 Og  design  acceleration  provides  adequate  pro¬ 
tection  for  the  vehicle  and  should  be  used  even  at  lower  impact 
velocities  to  reduce  the  required  stack  heights  and  to  give 
additional  stability  to  the  cushioning  system. 

Damage  done  to  the  vehicle  during  this  test  program  is 
listed  as  follows 

].  The  heads  of  several  of  the  bolts  which  hold  the 
bed  to  the1  frame  were  broken  off. 


was 


bent  slightly. 


2 .  The  bed  of  the  vehicle 

3 .  One  of  the  shock  absorbers  was  bent  when  it  came 
down  on  a  cushioning  stack  during  the  rebound  phase. 

To  minimize  or  eliminate  these  failures,  the  following  steps 
should  oe  taken. 

1.  Redesign  the  tie  down  bolts  to  eliminate  the  extreme 
stress  concentration  which  develops  at  the  point  where  the  head 

of  the  bolt  joins  the  body.  In  the  present  design,  there  is  a 
very  sharp  reentrant  corner  at  that  point.  In  addition  to  the 
modification  of  the  bolt,  the  tie  down  system  should  be  redesigned 
to  eliminate  the  unsymmetr ical  clip  arrangement  which  causes  a  large 
bending  moment  to  be  applied  to  the  bolts. 

2.  Make  the  floor  of  the  bed  of  the  vehicle  more 
rugged.  This  can  best  be  done  by  a  combination  cf  more  stiffeners 
and  heavier  gauge  metal  in  the  bed  itself.  If  the  vehicle  could 
be  designed  so  as  to  allow  cushioning  to  be  placed  directly 
against  the  underside  of  the  bed,  no  additional  ruggedness  in 

the  bed  itself  would  be  required.  In  any  event,  if  the  trailer 
is  loaded  when  dropped,  the  load  should  be  palletized. 

3.  The  shock  absorber  difficulty  was  eliminated  by 
a  slight  change  in  position  of  the  rear  cushioning  stack. 

It  was  noted  in  these  drops  that  if  the  center  of  gravity 
of  the  load  is  nor  directly  over  the  center  of  the  platform 
(which  is  also  the  location  of  the  resultant  of  the  drag  forces) 
a  turning  moment  is  applied  to  the  vehicle  during  its  fall  and 
this  moment  is  sufficient  to  cause  appreciable  rotation  of  the 
platform.  Impact  with  the  platform  and  vehicle  in  a  tilted 
attitude  is  likely  to  be  more  severe  than  a  plane  or  nearly 
plane  impact. 


M2A1  105mm  Howitzer 


This  weapon  was  included  in  the  high  velocity  drop  program 
because  it  is  a  typical  unsprung  vehicle  with  a  high  concentration 
of  mass.  Also,  it  is  highly  essential  that  this  weapon  be 
capable  of  successful  airdrop.  Impact  velocities  in  the  test 
series  ranged  from  25  to  54  fps  and  design  accelerations  were 
20  and  30y.. 

Ic  was  concluded  that  this  weapon  can  be  safely  dropped  at 
impact  velocities  in  excess  of  50  fps  using  essentially  the 
same  techniques  used  tor  25  fps  drops.  A  design  acceleration  of 


5 


30g  provides  adequate  protection  for  the  vehicle  but  there  is 
some  indication  that  the  vehicle  is  suf f icientl;  rugged  to  with¬ 
stand  u  4  0g  accc ler  ition . 

The  howitzer  was  not  damaged  in  any  detectable  way  by  this 
test  program.  It  was  noted,  however,  that  when  tire  pressures 
are  unequal,  the  vehicle  has  a  tendency  to  rebound  with  a 
rotational  motion  around  the  fore  and  aft  horizontal  axis.  If 
tire  pressures  are  equal,  this  does  not  occur. 

Measured  average  accelerations  appear  to  agree  a  little 
more  closely  with  design  accelerations  for  the  unsprung  105mm 
howitzer  than  for  the  sprung  vehicles.  This  is  consistent  with 
the  thought  that  the  flexibility  of  a  vehicle  provides  some 
shock  mitigation  for  the  interior  parts.  The  evidence  is  not 
extensive  enough  to  warrant  any  firm  conclusions,  however. 


DRIVE  OFF  STUDIES 


In  past  operations,  airdropped  vehicles  have  been  re  iked, 
or  pushed  off  the  cushioning  system  by  manpower  or  by  using  one 
vehicle  freed  in  that  manner  to  pull  other  vehicles  off  their 
cushions.  It  would  speed  up  deployment  if  the  driver  of  a 
vehicle  could  simply  cast  off  the  tie  down  straps,  get  in  the 
vehicle,  and  drive  away.  The  problem  of  providing  this  capability 
is  compl  Lcatec.  by  the  variations  which  occur  in  the  impact 
velocity.  A  range  from  15  to  20  fps  has  been  reported. 


In  addition,  it  is  desirable  to  bo  able  tc  drive  a  vehicle 
off  of  its  cushioning  system  even  though  it  has  net  been  dropped. 
This  capability  would  make  it  possible  to  remove  vehicles  from 
cushioning  systems  in  forward  areas  where  auxiliary  lifting 
equipment  may  not  be  available. 


A  study  was  made  of  the  drive-off  problem  using  the  M37 
3/4-ton  truck  as  the  vehicle.  Eight  drops  were  made  at  velocities 
which  ranged  from  15  to  28  fps  and  with  design  accelerations 
which  ranged  from  17.5  to  30g.  One  drop  was  made  with  the 
truck  rolled  15  degrees  about  the  longitudinal  axis.  Another 
drop  was  made  with  the  truck  pitched  8  degrees  about  the 
transverse  axis.  This  was  the  same  truck  that  had  previously 
been  dropped  8  times  at  impact  velocities  as  high  as  51  fps. 

A  satisfactory  drive  off  capability  was  achieved  by  using  17. 5g 
as  the  design  acceleration  and  9  cushioning  s taels  as  shown  in 
Fig.  1  and  Table  ].  In  addition  to  these  cushior  vnq  stacks, 
a  ramp  system  ol  paper  honeycomb,  as  shown  in  Frig  ’’  was  included 
to  provide  the  drive-off  capability.  With  this  .toning  arrange¬ 
ment,  the  truck  was  dropped  from  10  feet  ( impact,  m.iucity  =  25 
fps)  with,  a  tilt  of  8  degrees  about  the  transverse  axis,  and 
again  from  3.5  feet  (impact  velocity  =  15  fpsj  with  no  tilt.  In 


Crushing  Stocks 


TABLH  1 


Drops  M37-11  through  IS 


Bos i t ion 
(See  Diagram) 

Si  ack 

Area 

Dime 

W 

ns  ion 

*  L 

Height 

A1 

2.64 

ft2 

1.76’ 

-  3  -  b  ' 

6  in . 

a2 

3  .26 

ft2 

0.9' 

-3.62' 

6  " 

A4 

1.25 

ft2 

1.1' 

'1.14' 

6  " 

f  .d. 

(front  differential) 

1 .  37 

ft2 

1.37' 

*1.0' 

6  " 

g.r. 

(gear  rcducc-r) 

0  .  S3 

ft2 

0.92' 

-0.92' 

6  " 

'IT 

( transmission) 

0 . 57 

ft2 

0.85' 

*0.85' 

6  " 

X’ .  d  . 

(rear  differential) 

1  .37 

ft“ 

1.17' 

*1.17' 

6  " 

Total  Height  incdudiny  Crushing  .stacks  =  09-1/2  inches 

NOTE:  T1  ere  were  no  wheel  stacks,  However,  ch'-y  were  cushioned 

by  the  ramp  system  as  seen  in  rig.  2. 

NOTE  :  M 37-10  \'!^xh  us  Elio  ficiiuc*  s tiVk  pl.^cc.’ ruoi'i.  shown 

in  Fig.  1,  however,  t lie  stack  areas  were  larger  to 
provide  for  a  20y  design  acceleration. 
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each  case,  it  was  successfully  driven  off  the  cushioning  after 
the  impact.  It  was  also  placed  on  the  cushioning  system  and  then 
driven  off  without  a  drop  being  made  to  show  that  the  vehicle 
could  be  removed  from  the  cushioning  without  special  equipment 
in  case  a  mission  had  to  be  aborted. 

During  this  program  of  drops,  some  serious  damage  was  done 
to  the  truck.  The  left  rear  engine  support  was  broken  off  the 
housing.  As  a  consequence,  the  truck  could  not  be  put  in  gear 
and  driven  off  the  platform.  After  the  truck  was  repaired, 
the  drop  which  produced  the  failure  was  repeated.  No  failure 
occurred.  So  it  is  concluded  that  Ihe  failure  was  not  caused 
by  one  drop  alone,  but  was  a  cumulative  effect  from  the  12  pre¬ 
vious  drops  of  the  vehicle. 

Complete  details  of  this  investigation  may  be  found  in 
the  report  entitled 

Ground  Imparl  Shock  V.i  ligation,  Urivc-U  f  f  Syr, tern 

development ,  Cargo  Truck,  Z/t-lon  rlZ'Z,  EMRL  TR  1028  , 
August  1967. 
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PAPER  HONEYCOMB  EVALUATION  STUDIES 


Military  specifications  for  paper  honeycomb  to  be  used  as 
cushioning  material  have  in  the  past  been  based  on  the  assumption 
that  if  paper  weight,  cell  geometry,  and  glue  line  details  are 
specified,  the  material  will  have  the  desired  strength  and 
energy  dissipation  capability.  Wide  variations  were  found, 
however,  in  these  characteristics  for  materials  which  met  all 
the  specifications.  This  situation  suggested  that  specifications 
should  be  based  on  required  crushing  strength  and  energy  dissi¬ 
pation.  This  would  in  turn  require  some  form  of  acceptance 
testing.  The  Engineering  Mechanics  Research  Laboratory  at  the 
University  of  Texas  and  the  U.S.  Army  Natick  Laboratories  were 
designated  as  acceptable  testing  organizations.  Since  the 
techniques  employed  by  these  two  laooratories  differ  somewhat 
and  both  techniques  have  a  subjective  element  in  the  interpre¬ 
tation  of  results,  an  extensive  program  of  comparison  between 
the  two  techniques  was  undertaken.  The  data  used  for  comparative 
evaluation  were  obtained  from  parallel  test  programs  conducted 
by  the  two  facilities.  Four  1C  *  18  inch  (2  ft^)  test  samples 
each,  were  cut  at  the  Natick  Laboratories  from  3  ft.  -  8  ft. 
honeycomb  panels  selected  at  random  from  a  contractor's  shipment. 
Two  of  each  of  these  sets  of  4  were  retained  at  Natick  and  tested 
there.  The  other  two  were  sent  to  the  University  of  Texas  and 
tested  there.  Results  of  the  Natick  tests  and  the  Natick 
evaluation  of  the  data  were  forwarded  to  the  University  of  Texas. 
The  primary  basis  of  comparison  and  evaluation  is  the  stress- 
strain  curve.  Questions  arise  because  the  stress  and  strain  are 
measured  and  recorded  separately  as  functions  of  time.  These 
separate  measurements  are  then  combined  to  form  the  stress-strain 
curve  .  The  natures  of  the  two  separate  functions  of  time  make 
it  difficult  to  combine  them  in  the  stress-strain  curve  with  any 
precision.  It  has  been  customary  in  both  laboratories  to 
"smooth"  the  force-time  data  by  "nand  fitting"  the  records.  This 
is  equivalent  to  replacing  the  original  data  with  new  data  from 
which  the  violent  oscillations  typical  of  the  original  data  have 
been  removed.  A  highly  subjective  procedure  such  as  this  is 
difficult  to  defend  in  an  acceptance  test  particularly  if  a  ship¬ 
ment  of  cushioning  material  is  being  rejected. 

In  the  study  which  was  made,  a  more  objective  "least 
squares"  type  of  smoothing  or  fitting  procedure  was  used,  as 
well  as  the  "hand  smoothing"  on  both  sets  of  data.  Results  were 
then  compared.  It  was  found  that  the  results  of  the  two  parallel 
test  programs  con  Li  od  by  the  two  laboratories  involved  were 
not  consistent  or.  r  sample  by  sample  comparison.  On  a  statisti¬ 
cal  average  basis,  the  results  were  reasonably  consistent.  It 
did  not  appear  that  in  any  event  a  in  iterial  might  be  rejected 
lay  one  laboratory  and  accepted  by  the  other .  Differences  in  the 

1  (. 
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statistical  results  are  attributable  among  other  things,  to  the 
relatively  small  statistical  samples  which  were  used. 

Comparisons  between  the  two  sets  of  data  and  two  different 
methods  of  smoothing  are  given  in  terms  of  average  crushing 
strengths  as  follows. 


"Least  Squares"  Curve 

Fitting 

Mean  Values 

HONEYCOMB  X 

EMRL 

GT72  psf 

Natick 
6>530  psf 

Standard  Deviations 

670  " 

674  " 

Mean  Values 

HONEYCOMB  Y 

EMRL 

101T87  psf 

Natick 
1.1970  'psf 

Standard  Deviations 

563 

1150  " 

The  mean  values 

are  within  4.2%  of 

each  other  in 

the  Honey- 

comb  X  tests  and  10% 

for  Honeycomb  Y  tests. 

Mean  Values 

"Hand  Fitting" 

HONEYCOMB  X 

EMRL 

6272  psf 

Natick 
6223  psf 

Standard  Deviations 

429 

563  " 

Mean  Values 

HONEYCOMB  Y 

EMRL 

11383  psf 

Natick 

1 1 1 8 5  psf 

Standard  Deviations 

4  29  " 

313  " 

The  mean  values  here  are  within  It  for  Honeycomb  X  and 
4.2%  for  Honeycomb  Y. 

The  smaller  standard  deviations  for  the  "hard  fitting" 
procedure,  as  compared  to  the  "least  squares"  computerized  fitting 
procedure  is  attributed  to  the  data  analyzer's  bui.  .  in  bias 
toward  uniformity  of  results  and  his  awareness  of  re.-,  ’t;;  he  has 
already  obtained. 

Although  the  results  of  this  investigation  indicate  that 
hand  smoothing  gives  slightly  more  consistent  results,  the  more 
objective  "least  squares"  computer  method  of  curve  fit. ting  is 
recommended  for  data  reduction  in  acceptance  testing.  Results 


of  tliis  investigation  are  reported  in  detail  in 

C^rnpava  !  :  vc  Fvaluat  ior,  or  Fever  UoKcyoor.b  Test :  nr.-  f 

EMRL  TP.  1013,  March  1967 

The  techniques  involved  in  honeycomb  testing  of  the  type 
referred  to  here  is  too  difficult  and  the  data  reduction  too 
time  consuming  to  be  satisfactory  for  acceptance  testing.  This 
is  especially  true  for  manufacturers  who  might  like  to  do  their 
own  testing  in  order  to  more  closely  control  their  plant  output. 

As  a  consequence  of  these  considerations,  the  Engineering  Mechanics 
Research  Laboratory  was  asked  to  design  and  build  a  prototype 
testing  device  which  would  overcome  as  many  as  possible  of  the 
objections  to  the  techniques  in  use  by  the  two  laboratories,  and 
would  be  simple,  reliable,  and  inexpensive.  The  device  which  was 
built  is  shown  in  Fig.  3  and  is  described  in  detail  in  an 
instruction  manual  entitled 

i’yva  r;ra  Ht-rnn  t-V  qin  Curve  Gmcvar-or  fc  r  Cur  ntov.zr.q 

Valeri  ala }  EMRL  RM  1031,  May  21,  19*67 

Earlier  studies  of  paper  honeycomb  have  shown  that  crushing 
strength  is  essentially  independent  of  impact  velocity.  Conse¬ 
quently,  the  tester  was  designed  to  give  a  maximum  impact  velocity 
of  25  fps  since  this  is  obtained  with  a  free  fall  of  10  foot, 
l-or  this  much  free  fall,  an  overall  height  of  about  12  feet  is 
required  and  this  height,  it  was  assumed,  would  be  available  in 
most  fabrication  facilities.  The  specified  crushing  strength 
for  paper  honeycomb  is  6300  +  900  psf.  Hence,  the  tester  was 
designed  to  produce  at  least  ’70't  strain  in  a  stack  of  two  pads, 

3  inches  thick  and  16  •  IB  inches  in  size  having  that  crushing 
..trength.  All  of  these  limitations  in  the  capability  of  the 
tester  made  it  possible  to  design  a  very  simple  device  which 
gives  stress-strain  curves  directly  without  the  need  of  any  re¬ 
plotting,  oi  combining  of  stress-time  and  strain-time  records. 

The  rigidity  of  thi  impacting  mass,  which  is  a  561  lb.  solid 
slab  of  steel,  and  the  columns  which  guide  the  fall  of  the  mass 
minimize  the  extraneous  signals,  which  made  reduction  of  data 
obtained  by  the  earlier  techniques  so  difficult,  and  result  in 
smooth  stress-strain  curves  such  as  the  one  illustrated  in  Fig.  4. 
Detailed  working  drawings  and  an  instruction  book  for  operation 
Ol  the  tester  have  been  forwarded  ru  the  Natick  Laboratories . 

These  materia] s  are  available  to  im!  interested  organization. 

Results  of  past  studios  of  the  energy  absorption  characteris¬ 
tic;;  of  paper  honeycomb  wore  summarized  in  a  paper  presented  before 
the  American  Society  of  Mechanical  Engineers  Design  Engineering 
Conference  in  May  1967.  This  paper  has  been  designated  as  67- 
DE-21  by  ASME  and  can  be  requested  from  Society  lleadquai  tors  by 
that,  numbei 


ANALYTICAL  STUDIES 


No  tangible  progress  has  been  made  during  this  contract 
period  in  the  analytical  studies  of  vehicle  response  to  impul¬ 
sive  loading.  The  general  philosophy  of  the  analytical  studies 
started  several  years  ago  has  been  to  analyze  the  structure 
element  by  element  until  the  action  of  the  entire  structure  during 
impulsive  loading  can  be  predicted.  In  this  vein,  the  simple 
linear  single-degrec-of-f reedom  system  was  studied  in  detail. 

This  was  followed  by  the  ncn-linear  single-degree-of-f reedom 
system  and  then  the  simplest  multiple-degree-of-f reedorr.  system, 
the  elastic  beam  was  studied.  Also  an  analysis  was  made  of  the 
response  of  a  spring-mass  system  with  crushable  cushioning 
material  parallelling  the  spring  support.  All  of  these  studies 
provided  useful  information  and  an  increased  understanding  of 
the  way  a  complex  structure  reacts  to  impulsive  loading.  These 
earlier  studies  stimulated  an  investigation  which  was  continued 
by  Mr.  Charles  Ford,  Ph.D.  Candidate  aftei  he  left  the  campus  of 
the  University  and  was  finally  brought  to  ^  conclusion  in  August 
1967  as  Mr.  Ford's  doctoral  dissertation.  This  dissertation  is 
entitled 

Cn  a  V.cthcd  for 
Charaa  ter  let-. 

Flexure 

The  problem  considered  in  tne  dissertation  is  the  determination 
of  natural  frequencies,  mode  shapes,  steady  state  and  transient 
response  of  systems  such  as  plane  frame  works,  continuous  beams 
and  beams  interconnected  with  lumped  parameter  systems.  Thus,  it 
represents  the  most  advanced  extension  of  the  original  philosophy  - 
the  element  by  element  approach.  Before  this  dissertation  was 
completed,  an  arbitrary  lumped  parameter  system  with  three  and 
then  with  five  degrees  of  freedom  was  studied.  Many  computations 
were  made  and  many  attempts  were  made  to  obtain  some  generalized 
results,  without  success.  The  analysis  bogged  down  in  numbers. 
This,  except  for  the  dissertation  noted  above  was  the  state  of 
affairs  so  far  as  analysis  is  concerned  when  the  present  investi¬ 
gation  began. 

The  first  action  taker,  under  Contract  DA  19-12 9 - AMC- 5 8 2  ( N ) 
was  a  reconsideration  of  this  earlier  approach.  After  considerable 
discussion  and  deliberation  by  the  personnel  involved,  a  modifi¬ 
cation  of  the  original  approach  was  formulated.  The  essential 
elements  of  the  modified  approach  are  (1)  making  full  use  of 
the  capabilities  of  the  high  speed  digital  computer  available 
to  the  laboratory  personnel  and  (2)  represent! no  the  vehicle 
with  some  type  of  mathematical  model  of  a  lump/ed  parameter  system. 
The  first  question  that  arises  is  how  simple,  or  bow  complex 
should  the  mode]  be.  Three  possibilities  have  been  considered. 


determining  the  dynamic  k e sport ee 
'■as  of  Systems  Involving  beams  in 


Th.'sa  have  been  called:  (l)  the  "rule  of  thumb"  model  ,  (2)  the 
"complete  model",  and  (3)  the-  "limited  model". 

The  "rule  of  thumb"  model  requires  experience  and  observation 
and  represents,  as  might  be  expected,  a  simplified  approach  that 
a  designer  can  use  to  advantage.  It  does  little,  however,  toward 
giving  design  direction  from  an  optimization  point  of  view. 
Nevertheless,  design  rules  developed  by  this  approach  are  useful 
to  the  designer  and  will  help  produce  vehicles  better  suited  for 
airdrop . 

The  "complete  model"  would  represent  an  attempt  to  simulate 
by  a  lumped  parameter  system  virtually  every  detail  of  the 
vehicle  structure.  No  doubt  such  a  model  could  be  constructed. 
Much  of  this  sort  of  thing  is  done  in  the  aircraft  and  missile 
industry.  However,  the  time  and  effort  required  to  achieve  a 
satisfactory  return  make  this  approach  impractical  at  the  present 
time  . 


To  achieve  results  of  any  significance  and  to  keep  the 
effort  within  practical  bounds,  a  compromise  between  the  simplest 
and  the  most  complicated  models  is  required.  A  vehicle  is  a 
structure  made  up  of  concentrated  masses  connected  by  flexible 
beams.  Cushioning  techniques  are  intended  to  reduce  the  effects 
of  the  masses  on  the  rest  of  the  structure.  The  "limited  model" 
is  based  on  this  same  idea.  The  model  consists,  basically,  of 
the  large  lumped  masses  such  as  the  engine,  transmission, 
differentials,  winches,  etc.  linked  by  weightless  beans. 

Smaller  components  sue]'1,  as  starters  and  generators  which  arc 
attached  with  very  stiff  fittings  are  considered  as  part  of  the 
larger  mass  to  which  they  are  attached.  The  frame  and  structural 
members  are  simulated  by  weightless,  elastic  beams  with  the  propel 
stillness.  Cushioning  forces  are  considered  to  be  applied 
directly  to  the  large  concentrated  masses  insofar  as  possible. 

The  vehicle  is  divided  into  several  sections,  each  of  winch  is 
considered  as  a  free  body.  Cushioning  forces  are  applied  to  each 
section  in  such  a  way  as  to  make  the  resultant  force  pass  through 
the  C.G.  of  the  section.  Equations  of  motion  are  written  and 
solved  using  matrix  techniques  and  a  digital  computer.  These 
solutions  would  indicate: 

1.  The  approximate  coupling  between  the  assumed  free 
body  divisions 

2.  Approximate  maximum  stresses  and  locations  of 
these  stresses  within  the  structure 

3.  Expected  acceleration  levels  of  the  lumped  masses 

4  The  approximate  magnitudes  of  relative  displacements 
between  the  masses  in  the  structure. 
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To  test  the  model  and  provide  realistic  feedback  for 
orientation  of  studies  acceleration  levels  of  the  lumped  masses 
are  measured,  and  the  coupling  forces  between  the  free  bodies 
are  measured  with  strain  gages.  In  some  instances,  relative 
displacements  might  also  be  measured. 


This  "limited  model"  analysis  essentially  parallels  the 
method  of  cushioning  design  that  lias  evolved  through  several 
years  of  testing,  observing  and  relating  drop  predictions  to 
fact.  The  analytical  procedure  is  a  logical  extension  of  the 
cushioning  design  procedure  (see  the  appendix  of  the  report 
Ground  Impact  Shook  Mitigation,  Cargo  Truck,  2/4-Ton  M3?,  EMRL 
TR  1011,  December  1966)  .  In  turn,  the  design  of  military  vehicles 
that  will  be  airdropped  at  some  time  should  be  a  logical  extension 
of  both.  From  the  concept  of  dividing  the  vehicle  into  separate 
cushionable  free  body  subsections ,  with  loadspreaders  built  in 
during  construction  of  the  vehicle,  to  the  design  and  placement 
of  smaller  components  within  the  vehicle,  the  ideas  developed  in 
the  program  should  provide  a  better  basis  for  designs  appropriate 
to  the  problems  encountered  in  airdrop. 


SUGGESTIONS  I  'OR  DESIGN  IMPROVEMENT 


Analyses  of  t.h e  typo  outlined  above  have  not  been  completed, 
lienee,  no  quantitative  design  procedures  can  be  provided.  How¬ 
ever,  a  numbe!  of  rules  of  thumb  based  on  observations  made  in 
the  various  drop  programs  can  be  suggested.  First,  to  put  these 
observations  in  proper  perspective,  it  should  be  emphasized  that 
vehicles  such  as  the  M37  3/4-ton  truck,  the  M151  deep,  the  MIDI 
3/4-ton  trailer,  in  short,  all  of  the  military  vehicles  that  have 
beert  included  in  the  airdrop  studies  are  remarkably  rugged.  bach 
of  these  vehicles  has  been  dropped  numerous  times,  at  high  impact 
velocities,  and  some  at  various  angles  of  inclination  to  vhe 
horizontal.  Some  maintenance  work  has  been  done  but  every  vehicle 
via:;  operational  when  the  test  program  was  completed.  The  M 3 7 
3/4-ton  truck,  for’  example,  was  dropped  a  total  of  16  times,  and 
although  minor  damage  was  doi.e  at  turns,  the  truck  became 
inoperative  only  once.  That  was  on  the  thirteenth  drop  when  one 
of  the  motor  mounts  broke  off.  Tins  damage  is  believed  to 
hove  been  caused  by  the  cumulative  effects  of  the  previous  12 
drops.  In  practise,  few  vehicles  would  ever  be  dropped  more  than 
once , 


1.  In  all  of  the  powered  vehicles,  the  primary  trouble 
area  hair  been  around  the  motor.  The  softness  required  in  the 
motoi  mounts  for  satisfactory  vibration  isolation  allows  the  motor 
to  move  an  inch  or'  more  relative  to  the  frame.  Clearances  between 
the  motor  and  adjacent  elements  have  not  always  been  sulficrent 
to  avoid  interference  between  the  motor  and  these  elements.  I-u 
example,  tee  motor  of  the  Ml'vl  Jeep  collided  with  a  frame  brace 
beneath  the  oil  pan  and  a  bolt  head  m  tins  brace  punched  a  hole 
m  the  pan.  It  the  rubber  cushions  in  the  motor  mounts  arc- 
made  st lifer,  the  average  accelerations  and  peak  accelerations 
ol  the  motor  will  increase  and  the  mounts  will  have  to  he  strength¬ 
ened.  Also,  if  the  cushions  .-.re  made  stiller  ,  the  vibration 
isolation,  particularly  at  low  motor  RFM's  wi 1 1  be  poorer.  There¬ 
fore,  it.  is  recommended  that  t  he  mounts  be  unchanged  and  that,  all 
elements  in  the  vicinity  ol  the  motor  be  moved  far  enough  from 
tin.-  molt, i  to  avoid  .my  i  iiLer  f  l-i a.-nce  at  the  maximum  poss.’.ble  mo  too 
excursion.  11  there  is  a  her  i/.ontul  component  ol  velocity  at 
impact,  the  flexibility  cl  the  motor  mounts  will  allow  appreciable 
hoi  rZoiiL.il  d  r  bp.l  aceiiieii  t  of  the  motor  relative  to  the  J  r  uine  .  Ample 
clearance  tlieielore  should  also  be  provided  )  or  this  type  of  u  l  s  - 
pl  uCem.eiit  , 


It  was  also  noted  j  u  tin-  14  37  studies  that  the  1  i  out  motor 
sunnoi  1  was  badly  designed  so  far  as.  airdrop  is  eunco  j  r.ed .  The 
support  is  a  light,  stumer  r  '  that  extends  from  one  Side  of  the 
f  I  elir  Lo  I  he  other  .  The  front  end  of  the  crankshaft  passes 
thi ough  a  hole  in  this  stamping  and  the  fan  belt  pulley  is  on 
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one  side  of  the  stamping  and  the  block  is  on  the  other.  Clear¬ 
ances  Detween  these  parts  are  extremely  small  so  that  a  very 
small  relative  displacement  in  the  axial  direction  results  in 
interference.  Furthermore,  the  motor  is  attached  to  this  brace 
above  the  crankshaft  and  the  points  of  attachment  to  the  frame. 
This  can  result  in  a  twisting  moment  being  applied  to  the  brace 
if  there  is  some  axial  acceleration  of  the  motor.  This  can  cause 
interference  and  damage  as  the  brace  is  twisted  by  the  resulting 
moment.  It  is  recommended  that  all  supports  of  this  type  be 
designed  so  as  to  minimize  bending  and  twisting  moments.  A  stop 
that  would  limit  di splacen.ent  in  the  axial  direction  would  be 
a  worthwhile  addition. 

The  motor  supports  have  in  general  been  strong  enough  to 
withstand  average  accelerations  as  high  as  23g.  The  one  failure 
that  occurred  was  in  the  housing  to  which  the  support  bracket 
was  attached  rather  than  in  the  bracket  itself.  This  suggests 
that  these  supports  are  strong  enough  for  impacts  controlled 
so  as  to  apply  the  accelerating  force  uniformly  chreugh  all 
the  supports.  However,  if  the  impact  occurs  in  such  a  way  as 
to  concentrate  all  of  the  force  momentar.ly  on  one  or  two 
supports,  failure  may  occur.  Rather  than  make  the  supports  much 
stronger  to  guard  against  this  eventuality,  it  is  more  convenient 
and  more  economical  to  provide  temporary  support  for  the  motor. 
Nylon  strapping  is  specified  for  additional  motor  support  during 
airdrop  of  some  vehicles.  The  installation  and  removal  of 
this  temporary  strapping  could  be  greatly  expedited  if  brackets 
are  bolted  or  welded  to  the  frame  for  attaching  these  straps. 

Some  guide  lines  should  also  be  painted  on  the  pan  to  show  where 
the  auxilliary  strapping  should  bear  to  properly  distribute  the 
load  and  to  take  advantage  of  any  stiffeners  that  may  be  inside 
the  pan. 


2 .  Sorno?  ljci.cli.nc/’  cf*  wl.c  srcducci*  Housing  support  v.’3s 
noted  in  the  drops  of  the  M37  truck.  This  was  a  cumulative  damage, 
that  is,  the  support  was  bent  a  little  ciuring  each  drop.  This 
im.nl  ten  that  the  support  is  just  a  little  under  strength.  An 
increase  of  101  in  strength  and  rigidity  would  probably  be 
sufficient  to  prevent  any  appreciable  bending  of  this  support. 

3.  Closing  of  the  voltage  regulator  points  during  impact 
such  as  was  noted  in  the  M37  tests  can  be  prevented  by  re¬ 
orienting  the  regulator  with  respect  to  the  direction  of  the 
impact.  It  is  net  the  closure  itself  that,  causes  trouble,  it 

is  the  fact  that  the  points  stick  and  then  discharge  the  battery 
that  causes  the  trouble.  Consequently,  it  would  be  preferable 
to  leave  the  regulator  alone  and  install  a  master  switch  which 
would  disconnect  the  battery  from  the  rest  of  the  electrical 
system  before  a  drop.  This  would  protect,  the  battery  against 
discharge  by  any  type  oi  imU  unction  m  the  system.  After  the 
drop  and  the  vehicle  is  ready  for  drive- of  f. ,  the  driver  simply 
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closes  the  master  switch  to  restore  power:  to  the  electrical 
system . 


4.  In  both  the  3/4-ton  truck  and  the  3/4-ton  trailer, 
the  floor  of  the  bed  was  bent  by  the  load  of  sand  bags  with  which 
the  vehicles  were  dropped.  This  bending  has  no  effect  on  the 
operational  characteristics  of  the  vehicle,  but  it  can  be 
eliminated  by  making  the  floor  out  of  heavier  gauge  material  or 
by  the  addition  of  stiffeners.  Another  alternative,  and  one 
which  is  preferable  from  the  standpoint  of  airdrop  technology, 

i s  to  provide  some  load  bearing  area  underneath  the  vehicle  which 
al. lows  the  cushion  reaction  to  be  applied  directly  to  the  bottom 
of  the  bed,  rather  than  through  the  frame. 

5.  Avoid  stress  concentrations,  particularly  ip  jhigh 
strength,  low  ductility  materials.  This  would  include  such 
things  as  bolts  with  sharp  changes  in  cross  section.  Most  of 
the  outright  failures  that  have  been  observed  occurred  m  bolts. 

6.  Avoid  mountings  in  which  large  moments  will  be 
induced  by  a  dynamic  loading.  This  means  that  large  masses  should 
not  be  supported  on  cantilever  beams,  in  the  middle  of  plates,  or 
in  the  middle  of  long  beams. 


/  . 


Avoid  the  use  of  low  ductility  materials. 


8.  Provide  uncluttered  areas  beneath  the  mam  masses 
to  allow  for  direct  cushioning  of  these  masses.  Vehicles,  such 
as  the  Ml  51  Jeep  which  have  all  sorts  of  devices  such  as  shock 
absorbers,  torsion  bars,  steering  linkages,  stabilizers,  drive 
sru  s,  cluttcnrg  up  the  underneath  side  of  the  vehicle  make 
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and  design  of  ’under  the  body’  parts  going  to  affect  the  cushion¬ 
ing  placement  for  the  vehicle".  The  more  clear  bearing  area 
for  cushioning  that  can  be  provided  beneath  a  vehicle,  the  easier 
the  cushioning  problem  becomes.  Such  devices  ns  plates  voided  or 


bolted  to  the  lrame  at  appropriate  spots  would  lie  very  helpful. 
Vehicle  designers  should  request  a  preliminary  cushioning  layout 
for  the  vehicle  and  a  conference  with  cushioning  design  specie  1 i : 
before  attempting  to  locate  bearing  plates  for  cushioning  or  to 
redesign  the  underside  of  a  vehicle:  to  make  cushioning  easier. 


9.  Designers  should  bear  in  mind  that  the  maximum 
possible  deflection  in  a  simple  undamped  spring-mass  system  sub¬ 
jected  to  3  suddenly  applied  constant  acceleration  at  the  point 
of  support  is  twice  the  deflection  which  a  slowly  applied 
acceleration  of  the  same  amplitude  would  produce.  This  maximum 
is  seldom  realized  because  true  step  type  accelerations  arc  seldom 
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applied  in  nature  and  there  is  a 
For  examp] e,  if  the  application 
produces  a  displacement  of  one  i 
same  acceleration  could  produce 
deflection.  On  the  ether  hand, 
maximum  value  in  a  time  that  is 
of  the  system  and  the  damping  is 
deflection  will  be  only  about  1. 


lways  some  damping  in  the  system, 
of  a  constant  30g  acceleration 
nch.  A  sudden  application  of  the 
at  most,  a  momentary  two  inch 
if  the  acceleration  reaches  a 
one-fourth  the  natural  period 
60%  of  critical,  the  maximum 
1  inch. 


10. 

mass  systems 
frequency  of 


Beams  carrying  no  masses  can  be  regarded  as  lumped- 
with  a  natural  frequency  equal  to  the  fundamental 
the  bear,'.. 


11.  A  beam  carrying 
degree-of-f reedom  spring-mass 
neglected  if  the  mass  carried 
the  mass  of  the  beam. 
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